Abstract-Many favorable wind resources are located in rural areas that do not have direct access to the high-voltage transmission systems. Therefore, it is practical and cost-effective to seek the installation of utility-scale, megawatt-level wind turbine generators on distribution feeders. Common study for interconnection of distributed generation typically focuses on stability impacts within the distribution feeder itself, such as the impact on feeder voltages. Efforts to investigate the impact of transmission events on distributed wind generation, as well as the impact of distributed wind generation at high penetration level on transmission stability, are much needed.
I. INTRODUCTION
IND power installations are growing rapidly worldwide, with total global installed capacity exceeding 237 GW at the end of 2011 [1] . In the United States alone, there are now more than 60 GW of installed capacity as of the third quarter of 2013 [2] . However, the vast majority of these U.S. installations are in large wind power plants that required building additional transmission lines to reach the best resources. These required transmission build-outs come with additional costs and are often delayed because of political difficulties in the siting process. Installing megawatt-scale wind turbines on existing distribution networks can help increase the amount of energy supplied by wind without the associated transmission build-outs. Installing such large wind turbines on distribution feeders require interconnection studies to ensure that power quality and reliability are not impacted. There have been quite a few investigations on distributed-generation's impact on distribution feeder power quality [3] [4] . In previous work, the authors also examined the impact of distributed wind power on feeder bus voltages as a function of wind power production and the electrical distance of wind turbine sites from distribution substations [5] . This work focuses on the dynamic impacts of distributed wind power at the transmission level. This is particularly relevant to bulk power system operators who are interested in the impact of IEEE 1547 standards [6] at higher penetrations of distributed renewable energy. These standards specify the actions distributed generators should take to protect themselves through disconnections in response to abnormal frequency and voltage conditions. However, with large amounts of distributed generation, the simultaneous disconnection of these generators during a contingency event could exacerbate voltage or frequency issues. The impact of distributed generation at high penetrations of renewable energy cannot be neglected, thus the transmission grid may need support from the distributed resources to maintain stability after certain disturbances. Distribution-connected generations are increasing world-wide. There is quite a bit of interest in looking into the impact from a legislative point of view [7] . There has been some study on the economic and commercial impacts of interconnecting distributed generation on a transmission system [8] . Probabilistic methods have been applied to determine the security impact from distributed generation on distribution and transmission systems [9] [10] . Transmission planning considering distributed generation was also studied [11] . This study will take a fresh look at the interactions between the distributed generation and transmission system in terms of stability impacts.
Section II describes the components of the test system model. The investigation of a transmission fault's impact on distributed wind is made in Section III. The analysis on a transmission disturbance with high wind penetration is made in Section IV. Conclusions are drawn in Section V.
II. TEST SYSTEM MODEL
The purpose of this study is to investigate the stability issue on both transmission and distribution systems when megawattscale wind turbine generators (WTGs) are installed on Fig. 1 . This test system mainly consists of 230-kV and 500-kV lines. This system has a total load of 3,200 MW. Since the system has such few buses, the loading and generation levels are apparently an aggregation compared with a real-world system (e.g., the Western Interconnection of North America has approximately a 100-GW load and 20,000 buses [13] ). If several megawatt-scale WTGs were connected to some distribution feeders embedded in such a system, their impact on the entire grid would be essentially negligible. Therefore, the test system needs to be modified to a smaller scale to make the small amount of distributed wind generation become visible. The total load and generation in the modified system are displayed in Table 1 . Part of the reactive load is served by shunt capacitors installed in the system. The most ideal locations to install WTGs are usually rural feeders, which typically have radial configurations [5] . The 5-bus distribution feeder shown in Fig. 2 was selected from the IEEE 16-bus distribution test system [14] to be applied to this study. The original 16-bus system contains three separate radial feeders connected at the same substation. For this study, only Feeder 1 in the 16-bus system was used. The branches and load parameters of this distribution feeder are given in Table 2 . This entire distribution feeder consists of three-phase balanced lines and loads at 12.65 kV, because utility-scale WTGs are most certainly connected at three-phase buses. generators, known as fixed-speed and variable-slip WTGs, are much less common at this scale and do not have the ability to provide decoupled real and reactive power control. These models represent the dynamic response of the WTG to various voltage and frequency issues experienced during disturbance, including the ability to control the magnitude and angle of current injection. The WTGs in this study are rated at 3.6 MW because typically the Type 4 WTGs are rated from 1.5 to 3.6 MW, therefore we want to push the distribution generation capacity to higher end. The WTG uses power factor controls to maintain unity power factor output so that the analysis will isolate the pure impact from the WTG power output from a mixed control scenarios.
III. TRANSMISSION DISTURBANCE IMPACTS ON DISTRIBUTED WIND
Although we are ultimately interested in seeing what impact utility-scale wind turbines installed on the distribution system will have on the transmission system, it is important to first consider the impact of those on local distribution system. In this section, we examine the impact of transmission contingencies on the WTGs installed at the distribution level. For this, we simulated the 23-bus system shown in Fig. 3 in the PSS/E environment, modified with a distributed feeder connected at the bus marked by the blue circle.
When connecting the feeder at the marked location, the load at the transmission bus was reduced to keep the total load at this bus unchanged-i.e., the new load equals the old load minus the total load of the distribution feeder. As a result, the existing generation-real power, in particular-in the test system was reduced roughly equal to the WTG output.
To simulate a transmission disturbance that has immediate effect on the distribution feeder, a fault at an adjacent bus (as marked by the red arrow in Fig. 3 ), was applied at 5 seconds. The fault cleared at 5.18 seconds, which might be too long in reality, but would be explicit for demonstration purposes.
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Fig. 3. Locations of the distribution feeder as well as the fault
The main goal of this practice is to determine whether the impact from a transmission contingency will be the same when a WTG is connected at different locations on the distribution feeder. First, Fig. 4 illustrates the voltages at all distribution buses when the transmission contingency occurred. The Y-axis in Fig. 4 (and in Fig. 5 and Fig. 6 ) is the percentage of voltage at the current time step to the initial voltage, which is kept close to 1per unit. In this case, a WTG was connected at Bus 7. It is obvious that the voltage at Bus 7 changed the most during the event, and, according to the IEEE standard 1547, the distributed generation at this bus should be disconnected after 0.16 second.
From [3] , we know that when a WTG is at different buses, the feeder voltage profile will be different. In the previous simulation, the WTG happened to be installed at the bus with the most voltage change during the event. But what if a WTG is connected at another bus? Fig. 5 demonstrates the voltage at Bus 7 when a WTG was connected at different buses. The voltage at Bus 7 changed the most when the WTG was connected at the same bus. It changed the least when the WTG was connected at the substation. But what happens when a WTG is actually connected at Bus 1? Will the voltage change at Bus 1 be big enough to trip the generator? Fig. 6 demonstrates voltages at different buses when the WTG was connected at the same bus. When the WTG was connected at Bus 4, Bus 5, and Bus 6, the maximum changes were well below the tripping threshold (50%) as defined in the IEEE standard 1547. However, only the voltage at Bus 7 exceeded the threshold long enough (0.16 second) to trigger generation trip action.
WTGs installed at different locations will be impacted differently by transmission disturbances. In this simulation, the worst case was when a WTG was installed at Bus 7. 
IV. TRANSMISSION IMPACT FROM DISTRIBUTED WIND
Having shown the local distribution system impacts associated with distributed utility-scale WTGs during a contingency event, we next examine how these changes will propagate back up in the bulk power system. Obviously, at very small distributed wind power penetrations the impact on the transmission system will be negligible. For this reason, we produced a scenario in which approximately 8% of the power is supplied by distributed WTGs and examined how various voltage and frequency issues experienced at the WTG can impact the transmission system depending on the WTG response.
The same feeder that was modeled in Section III was duplicated and connected to all the load buses in the 23-bus system, as shown by the blue circles in Fig. 7 . Each feeder had a 3.6-MW WTG, so the total wind generation in this scenario was 25.2 MW. Each WTG was connected at Bus 7 of each feeder, so that when a transmission contingency occurred, they were most likely to be affected. Fig. 7 . 8% of wind penetration at distribution level Section III concentrated on studying the bus voltage change under disturbances. However, voltage change is a localized problem when propagated from distributed generation to the transmission system; distributed generation at other locations will not have a great impact on the event. The aggregated effect from all the distributed wind will be of concern with regard to the system frequency. The current IEEE standard 1547 has rather big security margins in terms of underfrequency tripping; however, if a big event happens, such as the N-2 generation tripping as described in Fig. 7 , the system frequency may fall below 59.8 and remain below for a certain period of time. Fig. 8 illustrates the frequency at all the distribution feeder connection points when the large generation tripping event happened. All distributed wind stayed online during the event.
If the distributed wind follows the standard and trips offline when the system frequency reaches 59.8 and stays there for more than 0.16 second, the endangered system is further pushed down, as displayed in Fig. 9 . This could lead to underfrequency load-shedding thresholds and trigger a series of severe events. It is worth noting that in this system the electromechanical wave propagated fairly fast and thus the time delay between each bus was small. Thus the WTGs roughly tripped simultaneously. Compare the frequency trace in Fig. 9 with in Fig. 8 , the portion above 59.8 Hz are identical. Below 59.8 Hz, the frequency slope in Fig. 9 is much steeper than in Fig. 8 , plus the lowest frequency is much smaller in Fig. 9 than in Fig. 8 . In such a small system dropping two major generation units can cause the system to be non-recoverable. Fig. 8 shows that when the event happens, there is not enough frequency response to bring the system frequency close to the pre-fault conditions. Operating under frequency could lead to synchronous machines unstable and eventually causing system cascading failure. However in reality, a large interconnected system will have sufficient frequency response from inertias, primary and secondary frequency reserves to bring the system frequency back to nominal after severe N-1 or N-2 contingencies. Fig. 10 shows a real-time frequency event occurs in Western Interconnection. The data is collected by a real-time measurement device in NREL campus at a distribution circuit. During the event, the system frequency dropped down as low as 59.7Hz but then stabilized approximately to 59.8Hz due to the reaction from inertias and primary frequency response. It fully recovered to 60Hz after roughly 20minute due to the response from secondary and tertiary reserves. So we can conclude that the problems discovered in Fig. 9 will be definitely possible given certain system conditions. In a case like this, if the penetration of distributed generations in the system is high, and they starting to response to frequency as specified in IEEE standard 1547, the event will definitely be exacerbated.
V. CONCLUSION AND FUTURE WORK
In this work, we examined the dynamic impacts of distributed utility-scale wind power during contingency events on both the distribution system and the transmission system. A transmission disturbance can propagate into distribution feeders and cause distributed, megawatt-level WTGs to trip offline. The interconnection location within the feeder matters because it decides the severity of the impact from the transmission disturbance. When the distributed wind reaches higher penetration levels, the aggregate effect of their response to a transmission contingency can lead to more severe system conditions. This work will be the first step to investigate the high penetration of distribution-connected wind power's impact on both distribution and transmission stability. Future work includes determining the impact of the distributed generation providing low voltage and frequency ride through, and how this will impact transmission system. It also includes studying the combined distributed generation with controllers such as capacitors and batteries to support transmission system should disturbance occurs. Furthermore, the potential islanding issue with high penetration of distributed wind will be examined.
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